Low flow hydraulics in alluvial channels by Miller, Barbara A. & Wenzel, Harry G.
WRC RESEARCH REPORT NO. 192 
LOW FLOW HYDRAULICS I N  ALLUVIAL CHANNELS 
Barbara  A. M i l l e r  
H a r r y  G. Wenzel 
FINAL REPORT 
P r o j e c t  No. 371506 
The research on which this report is based was financed in 
part by the U.S. Department of the Interior, as authorized 
by the Water Research and Development Act of 1978 (P.L. 95-467) .  
U n i v e r s i t y  o f  I l l i n o i s  
Water Resources Cen te r  
Urbana, I l l i n o i s  61801 
September, 1984 
Contents of this publication do not necessarily reflect the 
views and policies of the U,S. Department of the Interior, 
nor does mention of trade names or commercial products con- 
stitute their endorsement by the U.S. Government. 
sa6ed 05 't7861 Jaqwa3da~ '9051~~ 'ON73aroJd 
S13NNWH3 1VIAflllW MI S311nWdaAH Mold MO1 
LazuaM =g KJJ~H pue e~eq~eg '~al LLW 
'$3aroJd ay$ Y$CM ~0!$3~nrU03 
u pa33al 103 e~ep K~o$e~oqel se1 LaM se 'e$ep p lalj 6u isn pa LJ LJaA uaaq 
sey Lapow ayl *a3uanbas aljj CJ- lood ay$ yfino~y$ GU~JJ~~O suoisuedxa pue 
suo~$3e~$uo3 ay$ Kq pa3e~aua6 sassol 1~301 WOJJ se LL~M se'a3ue$s~sa~ MO~J 
UIOJJ JLnsaJ 03 pat~lnsse aJe sassol K6~auj -az1ue3s~sa~ MO~J ay$ pue 'K~L~o  la^ 
ueam ay$ 'y~dap MO~J ay3 s$3ipaJd lapot11 ay$ 'uo~3nq~~$s~p azis al3~3~ed 
paq \auuey3 pue 'KJ$aWoafi ~auuey~ 'a6~ey~sip Kpea~s ua~k6 e JO~ *suoi$~puo3 
MO~J MO~ Japun S~L$SLJ~$~PJ~~ZJ ~auuey:, Kla3~Jn33~ a$elnulis 03 padolahay 
uaaq sey [apotu [e3~$eway3eu [euo~suaul~p-auo e 'y~~easa~ sky$UI 
-sawanbas a\JJ iJ-100d JO 3L7S iJa33PJPy3 
a~ue$s ksa~ MO LJ JO az~uanl~u~ fiul$eu~wop ay$ pue 's3~ 1ne~pKy MO 
6u~6uey:, K~plde~ ay3 '/CJ$~UIO~~ [auueyr, 3~$eus ~~duou K~y6~y a$ 6ul$uasa~da~ 
AL~AL$~~J ja K~L~~LJJ LC) aAeys Lapotu MO [J LeuoLguaAuo3 *MO [J 6u LAOUI plde~ 
K[~A~$P[~J 'MOl [P~s Kq SalJJ LJ pup Ja$PM 6ui~oa MO 1s 'daap Aq pays ~n6u~~s ~p 
aJe s lood aJayM 'a~uanbas alj JJ-[ood ayJ si sa6e$s MO~ $e aJn3eaJ 
lauuey3 3ueup~1op ayl *suo~~~puo:, MO~J asayJ 03 JP~ ln3ad saJn3eaj ~auuey:, 
3gne~pKy pue 3~~3auloa6 ay$ 03 anp sa6J~y3~ lp MOL $e a~e~nz13eu!. ua$Jo aJe 
'J~A~Mo~ 'S lapou MOLJ LPUO~JuaAUO3 -a6~ey3s ip MO lJ MOl ua~k6 P03 u~$s/CS 
JaAiJ JO asuodsa~ 3~1neJpKy ay$ $3kpa~d OJ KJPSS~~~U Si JL 'SUO~$~~UO~ 
1~3~3.~~3 asay$ ssasse 01 *spaau MO ueaJJsui pue 3e$ ~qey ~igenbe 
'uoiqn llod Ja$eM JO s laha1 L~~LJCJ:, 6u~uiu~a$ap JO suealu e se s~eaK 3ua~a~ 
u~ que3~odul auo~aq sey uoiqipuo:, MO~J MO~ ay$ JO UO~$P~~$S~AU~ ayl 
TI ................... A60 ~opoy~aw uo CJ~ 10s E' 2 
.................. 
G a3ueqs ~sab MO 14 ~*2* z I .................... ado~~ AGJau3 2*2*2 
9 *****..*e. suo!~enb3 A6~auj pue A~~nu~~uo3 I* 2.2 .................. 
9 suo~~enb~ MOLJ~e~aua~) 2-2 ...................... 
5 Ma!AJaAO LapOW T'Z ....................... 
Zi 13UOW MQlJ MOl 3Hl '2 
.......................... 
Sl08WAS JO lSIl ........................... 
A S3lHWl JO lSIl 
.......................... 
A ! SNI~IJ JO ~SI 1 LL .............................. 13tlhlS8 W 
LIST OF FIGURES 
F i g u r e  
1 
2  
3 
Page 
P r o f i l e  o f  a  T y p i c a l  Poo l -R i  f f l e  Sequence . . . . . . . . 2  
Flow C h a r a c t e r i s t i c s  o f  P o o l - K i  f f l e  Sequence A . . . . . 15 
Compari son o f  Res i  s tance  C o e f f i c i e n t s  f o r  
Poo l -R i  f f l e  Sequence A . . . . . . . . . . . . . . . . . 18 
Loca l  Loss C o e f f i c i e n t s  f o r  P o o l - R i f f l e  Sequence A . . . 20 
Observed Versus P r e d i c t e d  Flaxi~nurn Oeptl i  f o r  
P o o l - K i  f f l e  Sequence A . . . . . . . . . . . . . . . . . 24 
Observed Versus P r e d i c t e d  Mean V e l o c i t y  f o r  
Poo l -R i  f f l e  Sequence A . . . . . . . . . . . . . . . . . 25 
Schematic Oiagram o f  L a b o r a t o r y  Model o f  Two 
Pool  - R i  f f l e  S e q ~ ~ e n c e s  . . . . . . . . . . . . . . . . . . 32 
Water Su r face  P r o f i l e s  f o r  I0;lr;a Se t  I . . . . . . . . . . 34 
Percen t  llilaxi~nurn Depth  o f  F low f o r  Data Se t  I . . . . . . 35 
Darcy-Wei sbach F r i c t i o n  F a c t o r s  f o r  O i  scharyes 
0.20,0.60,  and 1 . 0 O c f s  . . . . . . . . . . . . . . . . 3'7 
Comparison o f  Methods o f  Computing Res is tance  
C o e f f i c i e n t s  f o r  D i  scharye 0.6U c f s  . . . . . . . . . . . 38 
Loca l  Loss C o e f f i c i e n t s  f o r  L a b o r a t o r y  I l a t a  . . . . . . . 41 
Comparison o f  Observed Versus P r e d i c t e d  F low Depth  
f o r  D ischarges  0.70, 0.90, and 1.10 . . . . . . . . . . . 43 
Compari son o f  Observed Versus P r e d i c t e d  Mean 
V e l o c i t y  f o r  D ischarges  0.70, 0.90, and 1.10 c f s  . . . . 45 
............. 
w a~uanbas a144 !tl-lood JOJ I-33~ 
S~SJ~A 1~~01 Lq paq3~pa~d SJ~J~UPJP~ MO~A 40 uos ~JP~UO~ 9 
E:z ................ y a3uar1bas a144 y-load JOJ 
sJaqawPJPd ~olj paq3lpa~d snsJaA paAJasq0 40 uos l~~du.103 C; 
LIST OF SYMBOLS 
CORR 
"xx 
Cross  s e c t i o n  area ( f t 2 ,  m2) 
Channel w i d t h  ( f t ,  m) 
Loca l  l o s s  c o e f f i c i e n t  
C o n t r a c t i o n  l o s s  c o e f f i c i e n t  
Expansion l o s s  c o e f f i c i e n t  
C o e f f i c i e n t  o f  c o r r e l a t i o n  ( see  Appendix)  
H y d r a u l i c  d e p t h  ( f t ,  m) 
The p a r t i c l e  s i z e  f o r  wh ich  50% o f  t h e  sedirnent m i x t u r e  i s  
f i n e r  (mm) 
The p a r t i c l e  s i z e  f o r  wh ich  x%( i .e . ,  90%) o f  t h e  sedirnent s i z e  
i s  f i n e r  (mm) 
S p e c i f i c  energy ( f t ,  m) 
Froude number 
P a r t i c l e  f roude  number 
F low r e s i s t a n c e  c o e f f i c i e n t  
Darcy-Wei sbach f r i c t i o n  f a c t o r  
F l a t  bed r e s i  s tance c o e f f i c i e n t  
Bed form r e s i  s tance c o e f f i c i e n t  
G r a v i t a t i o n a l  a c c e l e r a t i o n  ( f t l s e c 2 ,  m/sec2) 
T o t a l  head ( f t ,  m) 
E q u i v a l e n t  sand y r a i n  roughness ( f t /m)  
H o r i z o n t a l  d i s t a n c e  between c r o s s  s e c t i o n s  ( f t ,  rn) 
T o t a l  channel o r  reach  l e n g t h  ( f t ,  m) 
Manning 's  roughness c o e f f i c i e n t  
Wetted p e r i m e t e r  ( f t ,  m) 
T o t a l  d i  scharge ( f t 3 /  sec, m3/ sec) 
H y d r a u l i c  r a d i u s  ( f t ,  m) 
SEE 
Y  
Y 
Y MAX 
Re1 a t i v e  d e p t h  
Reynol d  s  number 
T o t a l  energy s lope  
F low r e s i  s tance s lope  
Loca l  l o s s  s lope  
Channel bed s l  ope a1 ong t h a l  weg 
Water s u r f a c e  s l o p e  
Standard  e r r o r  o f  e s t i m a t e  ( see  Appendix)  
Channel t o p  w i d t h  ( f t ,  m) 
Cross  s e c t i o n  mean v e l o c i t y  ( f t l s e c ,  m/sec) 
L o n g i t u d i n a l  c o o r d i n a t e  i n  h o r i z o n t a l  d i r e c t i o n  
C o o r d i n a t e  pe rpend icu l  a r  t o  x  i n  v e r t i c a l  d i  r e c t i o n  
Depth  o f  f l o w  ( f t ,  rn) 
Maxirnurn f l o w  d e p t h  ( f t ,  rn) 
V e r t i c a l  d i  s tance f rorr~ datum t o  channel bed ( f t ,  m) 
Energy c o r r e c t i o n  f a c t o r  
Momentum c o r r e c t i o n  f a c t o r  
K i n e m a t i c  v i  scos i  t y  ( f t 2 / s e c ,  mz lsec )  
I n d i c a t e s  subreach v a l  ue 
1. INTRODUCTION 
1.1 Background 
Low f l o w  i s  a  b r o a d l y  used t e r m  t o  d e s c r i b e  s t rea r r l f l ows  t h a t  a r e  
s i y n i  f i c a n t l y  be1 ow average o r  normal  f l o w  l e v e l  s. T r a d i t i o n a l  l y ,  l o w  f l o w  
i n f o r m a t i o n  has been used i n  t h e  p l a n n i n y ,  d e s i g n ,  and o p e r a t i o n  o f  w a t e r -  
r e l a t e d  p r o j e c t s .  I n  p a r t i c u l a r ,  t h e  l o w  f l o w  c h a r a c t e r i s t i c s  o f  a  r i v e r  
sys tem have been i m p o r t a n t  i n  d e t e r m i n i n y  t h e  c r i t i c a l  c a p a c i t y  o f  t h a t  
sys tem t o  p r o v i d e  adequate  w a t e r  s u p p l y  and t o  meet power demands. R e c e n t l y ,  
however ,  f e d e r a l  , s t a t e ,  and l o c a l  governments  have mandated t h e  ma in tenance  
o f  rni nimum w a t e r  qua1 i t y  s t a n d a r d s  i n  r i v e r s  and s t r e a r ~ ~ s .  Government 
a g e n c i e s  have a l s o  i d e n t i f i e d  t h e  p r o t e c t i o n  o f  w i l d l i f e  h a b i t a t  and f i s h e r y  
r e s o u r c e s  as one o f  t h e  g o d l s  o f  m a i n t a i n i n g  rninirnum l o w  f l ows .  Conse- 
q u e n t l y ,  t h e  i n v e s t i g a t i o n  o f  t h e  l o w  f l o w  c o n d i t i o n  has become i n c r e a s i n g l y  
i m p o r t a n t  as a means o f  d e t e r l n i n i n y  c r i t i c a l  l e v e l s  o f  w a t e r  p o l l u t i o n ,  
a q u a t i c  h a b i t a t ,  i n s t r e a m  f l o w  needs, and t h e  e s t h e t i c  q u a l i t i e s  o f  a  r i v e r .  
To assess  a d e q u a t e l y  t h e  i rnpact  o f  c r i t i c a l  l o w  f l o w  c o n d i t i o n s  on t h e  
e n v i r o n l i i e n t a l  qua1 i t y  o f  a  r i v e r  system, i t  i s  i m p o r t a n t  t o  be a b l e  t o  
p r e d i c t  a c c u r a t e l y  t h e  response o f  t h a t  syste111 t o  a  g i v e n  low f l o w  d i  scharye .  
Unde r  nor lna l  f l o w  c o n d i t i o n s ,  h y d r d u l i c  o a r a ~ n e t e r s  such a s  f l o w  d e p t h  and 
v e l o c i t y  car1 be p r e d i c t e d  u s i n g  a  v a r i e t y  o f  c o n v e n t i o n a l  f l o w  inodel s. I t  
has  been found,  however, t h a t  t h e s e  ~ n o d e l s  a r e  o f t e n  i n a c c u r a t e  unde r  l o w  
f l o w  c o n d i t i o n s  ( 3 ,  12 ,  1 5 ) .  
The i nadequacy  o f  c o n v e n t i o n a l  model s  a t  l o w  s t a g e s  can be r e l a t e d  t o  
t h e  y e o m e t r i c  and h y d r a u l i c  channe l  f e a t u r e s  p e c u l i a r  t o  t h e  l o w  f l o w  
c o n d i t i o n .  The dom inan t  channel  f e a t u r e  d u r i n g  l o w  f l o w s  i s  t h e  p o o l - r i  f f l e  
sequence ( see F i g u r e  1 ) .  Poo l  s  a r e  c h a r a c t e r i z e d  by deep, s low mov ing  
F i g u r e  1 P r o f i l e  o f  a  T y p i c a l  P o o l - R i f f l e  Sequence 
w a t e r ,  whereas r i  f f l e s  a r e  d i  s t i n y u i  shed by  sha l low,  r e l a t i v e l y  r a p i d  rnoviny 
f l ow .  Under these  c i  rcumstances, t h e  channel yeometry i s  h i  g h l y  i r r e y u l a r  
o r  n o n p r i  smat ic ,  and t h e  f l o w  c h a r a c t e r i s t i c s  a r e  nonuni  form, chany i  ng 
r a p i d l y  between t h e  pool and r i f f l e  sec t i ons .  Fur thermore,  as t h e  d e p t h  o f  
f l o w  decreases i n  r e l a t i o n s h i p  t o  t h e  s i z e  o f  t h e  bed roughness p a r t i c l e s ,  
t h e  r e s i s t d n c e  t o  f l o w  b e g i n s  t o  e x e r t  a  domina t ing  i n f l u e n c e  on t h e  f l o w  
h y d r a u l i c s .  A d d i t i o n a l  l y ,  a t  l ow  d e p t h s  t h e  f o r ~ n  d r a g  o r  r e s i s t a n c e  due t o  
bed forms becomes s i g n i f i c a n t l y  y r e a t e r  t han  t h e  bo t tom f r i c t i o n  o r  s u r f a c e  
d r a g  ( 1 4 ) .  
Most  f l o w  model s  i n  use today e i t h e r  d i r e c t l y  s o l v e  t h e  gradua l  l y  
v a r i e d  f l o w  fo rmu la  o r  employ a  backwater  compu ta t i on  procedure  such as t h e  
s t a n d a r d  s t e p  o r  d i r e c t  s t e p  method. Examples o f  t t i e  l a t t e r  t y p e  o f  niodel 
i n c l u d e  HEC-2,  deve loped by H y d r o l o g i c  E n g i n e e r i n g  Cen te r  o f  t h e  Corps o f  
Eng ineers ,  and t h e  I n s t r e a m  F low Group Model ( IFG-Z),  deve loped by t h e  U.S. 
F i s h  and W i l d l i f e  S e r v i c e  t o  assess i n s t r e a m  f l o w  needs. I n  these  models, 
one c r o s s  s e c t i o n  i s  yenera l  l y  used t o  d e f i n e  an e n t i r e  chdnnel reach, and 
t r ~ e  Manning e q u a t i o n  and an assumed v a l u e  o f  t h e  roughness c o e f f i c i e n t ,  n, 
a r e  used t o  e v a l u a t e  t h e  f l o w  r e s i s t a n c e .  The roughness c o e f f i c i e n t ,  n, 
however, does n o t  adequa te l y  d e s c r i b e  v a r i a t i o n s  i n  roughness w i t h  s tage and 
d i s c h a r g e  and does n o t  account  f o r  t h e  e f f e c t s  o f  fo rm d r a g  (6 ,  13 ) .  
Consequent ly ,  c o n v e n t i o n a l  f l o w  model s  do n o t  e f f e c t i v e l y  r e p r e s e n t  t h e  
r a p i d l y  chang ing  geometry and t h e  f l o w  l o s s e s  a s s o c i a t e d  w i t h  l ow  f l o w  
d i  scharges and pool - r i  f f l e  sequences. Under these  c i  rcumstances,  
c o n v e n t i o n a l  model s  r e q u i r e  e x t e n s i v e  f i e l  d  c a l  i b r a t i o n  t o  rnatch co r~~pu ted  
and measured w a t e r  s u r f a c e  p r o f i l e s .  I n  t h i s  procedure,  t h e  roughness 
c o e f f i c i e n t  n  i s  used as  a f r e e ,  and o f t e n  p h y s i c a l l y  meaning less ,  
parameter.  
I n  t h i s  r e s e a r c h  a  mathe lnat ica l  model has been developed t o  p r e d i c t  
t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  channel f l o w  under l ow  f l o w  c o n d i t i o n s  i n  
a1 1  u v i  a1 channel s. L a b o r a t o r y  and f i e l  d  d a t a  were used t o  c a l  i b r a t e  and 
v e r i  f y  t h e  model , as we1 1  as  t o  conduct  an i n - d e p t h  a n a l y s i  s  o f  t h e  geo- 
m e t r i c ,  hyd rau l  i c  and r e s i s t i v e  c h a r a c t e r i  s t i c s  a s s o c i a t e d  w i  t n  low d i  s- 
charges.  I n  t h i s  r e p o r t  t h e  l ow  f l o w  model i s  b r i e f l y  d e s c r i b e d ,  f o l l o w e d  
b y  d i s c u s s i o n s  o f  t h e  a n a l y s i s  and s i m u l a t i o n  o f  b o t h  t h e  f i e l d  and l a b o r a -  
t o r y  da ta .  More d e t a i l e d  i n f o r m a t i o n  c o n c e r n i n g  t h e  development o f  t h e  
model and t h e  a n a l y s i s  and s i m u l a t i o n  procedures  a r e  g i v e n  by M i l l e r  ( 1 1 ) .  
1.2 Research O b j e c t i v e s  
The p r imary  o b j e c t i v e  o f  t h i s  research  i s  t o  deve lop  a  mathemat ica l  
model t o  adequa te l y  p r e d i c t  t h e  hydrau l  i c  c h a r a c t e r i s t i c s  o f  channel f l o w  
under  l o w  f l o w  c o n d i t i o n s .  The model w i l l  be based on t h e  c o n t i n u i t y  and 
energy  e q u a t i o n s  simp1 i f i e d  f o r  steady,  nonuniform f l o w  i n  a  n o n p r i s m a t i c  
channel  w i t h  an a l l u v i d l  bottom. Fo r  a  g i v e n  d i scha rge ,  charinel geometry, 
channel  bed c o m p o s i t i o n  and s t a r t i n y  w a t e r  s u r f a c e  e l e v a t i o n  a t  a  c o n t r o l  
s e c t i o n ,  t h e  model w i l l  p r e d i c t  t h e  f l o w  dep th ,  t h e  mean v e l o c i t y  and t h e  
r e s i s t a n c e  t o  f l o w  on a  c r o s s  s e c t i o n  and subreach b a s i s .  
A rna jor  f a c t o r  t o  be cons ide red  i n  t h e  model deve l  opment i s  t h e  ade- 
q u a t e  r e p r e s e n t a t i o n  o f  t h e  f l o w  r e s i s t a n c e .  I n  an a l l u v i a l  channel  w i t h  a  
movable bed, f l o w  r e s i s t a n c e  r e s u l t s  p r i m a r i l y  f rom s k i n  f r i c t i o n  and form 
d r a g  (13) .  The t o t a l  r e s i s t a n c e  may be e s t i m a t e d  as  t h e  l i n e a r  sum o f  t hese  
components o r  may be computed d i r e c t l y  on t h e  b a s i s  o f  l o g a r i t h m i c  o r  power 
e q u a t i o n s .  A second o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  e v a l u a t e  t h e  s i y n i  f i -  
cance o f  f l o w  r e s i s t a n c e  i n  p o o l - r i  f f l e  sequences and t o  d e t e r m i n e  t h e  b e s t  
t h e o r e t i c a l  means o f  comput ing  r e s i  s tance  under l ow  f l o w  c o n d i t i o n s .  
I t  i s  p o s t u l a t e d  t h a t  under  l ow  f l o w  c o n d i t i o n s ,  a d d i t i o n a l  o r  l o c a l  
l o s s e s  a r e  genera ted  as  t h e  f l o w  expands and c o n t r a c t s  t h r o u g h  t h e  poo l -  
r i f f l e  sequences. A t h i r d  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  assess t h e  
c o n t r i b u t i o n  o f  t hese  l o c a l  l o s s e s  t o  t h e  t o t a l  energy  l o s s  and t o  d e v e l o p  
a p r e d i c t i v e  means o f  e s t i m a t i n g  t h e  magni tude o f  such losses .  
2. THE LOW FLOW MODEL 
2.1 Model Overv iew 
The l o w  f l o w  model i s  based on f r e e - s u r f a c e  f l o w  e q u a t i o n s  s i m p l i f i e d  
f o r  steady,  one-d imens iona l  , nonuni  fo rm f l o w  i n  a  n o n p r i  smat ic  channel w i t h  
an a l l u v i a l  o r  movable bed. The channel geometry and bed m a t e r i a l  
cornposi t i o n  a r e  assumed as  known boundary c o n d i t i o n s .  The d i s c h a r g e  and a  
s t a r t i n g  w a t e r  s u r f a c e  e l e v a t i o n  a t  a  c o n t r o l  s e c t i o n  serve as  i n i t i a l  
c o n d i t i o n s .  Based on these  g i v e n  c o n d i t i o n s ,  t h e  w a t e r  s u r f a c e  e l e v a t i o n ,  
t h e  mean v e l  o c i  t y  and p e r t i n e n t  geomet r i c  and hyd rau l  i c  pararneters a re  
de te rm ined  a t  each c r o s s  sec t i on ;  w h i l e  t h e  energy  s lope  (SE) and f low 
r e s i s t a n c e  c o e f f i c i e n t  a re  computed on a  subreach b a s i s .  A subreach r e f e r s  
t o  t h e  p o r t i o n  o f  a  channel  between two a d j a c e n t  c r o s s  s e c t i o n s ,  where 
subreach c h a r a c t e r i  s t i c s  a r e  d e f i n e d  by average v a l  ues f o r  t h e  channel  area,  
t o p  w i d t h ,  we t ted  p e r i m e t e r ,  and bed p a r t i c l e  d i  arneters. To m a i n t a i n  
c o n t i n u i t y ,  a l l  o t h e r  subreach f l o w  pararneters a r s  recomputed on t h e  b a s i s  
o f  t hese  averages.  Computat ions r e l a t e d  t o  t h e  energy s lope  a r e  performed 
on a  subreach b a s i s  because SE i s  a  r e f l e c t i o n  o f  t h e  t o t a l  energy  l o s s e s  
o c c u r r i n g  b e t ~ e e n  two c r o s s  sec t i ons .  
2.2 General F low Equa t ions  
The l o w  f l o w  model i n v o l v e s  t h e  i t e r a t i v e  s o l u t i o n  o f  f o u r  p r i m a r y  
e q u a t i o n s :  t h e  c o n t i n u i t y  equa t ion ;  t h e  energy  equa t ion ;  a  f o r m u l a t i o n  
f o r  t h e  energy  s lope;  and a  r e l a t i o n s h i p  f o r  t h e  r e s i s t a n c e  c o e f f i c i e n t .  
Each o f  t hese  e q u a t i o n s  w i l l  be b r i e f l y  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  
2.2.1 C o n t i n u i t y  and Energy E q u a t i o n s  
The c o n t i n u i t y  e q u a t i o n  simp1 i f i e d  f o r  one-dimensional  s teady,  i ncom- 
p r e s s i b l e ,  homogeneous f l o w  w i t h  no l a t e r a l  i n f l o w  and t h e  c r o s s  s e c t i o n  
a rea  normal t o  t h e  d i r e c t i o n  o f  f l o w  i s  g i v e n  by ( 1 6 ) :  
o r  more s imp ly  as Q = VA, where Q i s  t h e  d i scha rye ,  A  i s  t h e  c r o s s  s e c t i o n  
area,  V i s  t h e  mean v e l o c i t y  and x  i s  t h e  l o n g i t u d i n a l  c o o r d i n a t e  i n  t h e  
h o r i z o n t a l  d i r e c t i o n .  
A  genera l  energy  e q u a t i o n  can be d e r i v e d  f rom t h e  t u r b u l e n c e  averaged 
e q u a t i o n  o f  m o t i o n  (16, 1 7 ) .  T h i s  genera l  fo rm o f  t h e  e q u a t i o n  r e p r e s e n t s  
t h e  one-dimensional, c r o s s  s e c t i o n a l  average energy per  u n i t  mass o f  mean 
m o t i o n  o f  f l ow ,  measured i n  terrns o f  head. F o r  t h e  case o f  steady, non- 
u n i f o r m  f l o w  w i t h  no l a t e r a l  i n f l o w  and t h e  c r o s s  s e c t i o n  area nor111al t o  
t h e  d i r e c t i o n  o f  f l ow ,  t h e  energy e q u a t i o n  can be expressed as  ( 1 6 ) :  
where W i s  t h e  c o n s e r v a t i v e  work done by t h e  i n t e r n a l  and s u r f a c e  s t resses .  
I f  i t  i s  assumed t h a t  t h e  p ressu re  v a r i a t i o n  i s  h y d r o s t a t i c  and t h e  f l u i d  i s  
homogeneous, t h e n  t h e  head H can be d e f i n e d  by: 
where Z i s  t h e  v e r t i c a l  d i s t a n c e  f rom a  datum t o  t h e  channel  bed, Y i s  t h e  
d e p t h  o f  f low, a i s  t h e  energy c o r r e c t i o n  f a c t o r  arid WSE i s  t h e  wa te r  
s u r f a c e  e l e v a t i o n .  
Assuming t h a t  W i s  neg l  i y i b l e ,  e q u a t i o n  2  can be w r i t t e n  i n  t h e  for111 
used i n  t h e  l ow  f l o w  model, cominonly r e f e r r e d  t o  as  t h e  head d i f f e r e r i c e  
e q u a t i o n :  
A1 t e r n a t i  v e l y ,  t h e  eneryy  e q u a t i o n  f o r  steady,  one-dimensional  f l o w  can 
be w r i t t e n  i n  t h e  form ( 7 ) :  
where 7 = (A1 + A2)/2 and y  i s  t h e  c o n s t a n t  f o r  g r a v i t a t i o n a l  a c c e l e r a t i o n .  
E i t h e r  e q u a t i o n  4 o r  5 may be speci  f i e d  f o r  use i n  t h e  l ow  f l o w  model. 
2.2.2 Energy S lope 
The energy  s lope  ( S E )  i s  a  r e f l e c t i o n  o f  t h e  t o t a l  energy  l o s s  o c c u r r i n g  
between a d j a c e n t  c r o s s  sec t i ons .  I n  t h e  l ow  f l o w  model, SE i s  assurfled t o  be 
t h e  l i n e a r  sum o f  t h e  l o s s e s  due t o  f l o w  r e s i  s tance (SF) and l o c a l '  l o s s e s  
( S L ) :  
The l i n e a r  comb ina t ion  o f  t hese  l o s s e s  i s  based upon t h e  o b s e r v a t i o r ~  t h a t  
d u r i n g  l ow  f l o w s  t h e  p o o l s  a c t  rnore o r  l e s s  l i k e  r e s e r v o i r s  w i t h  r e l a t i v e l y  
smal l  w a t e r  s u r f a c e  s lope and l o w  v e l  o c i  ty; w h i l e  t h e  r i  f f l e s  rese~nb le  
c h u t e s  o r  b road-c res ted  wei r s  w i t h  re1 a t i  v e l y  s teeper  w a t e r  s u r f a c e  and 
h i g h e r  v e l o c i t y  f l o w  (18). The p o o l - r i  f f l e  sequence, t h e r e f o r e ,  can be 
c o n s i d e r e d  t o  be a  s e r i e s  o f  c h u t e s  and r e s e r v o i r s  where t h e  f l o w  i s  
c o n t i n u a l l y  expand ing and c o n t r a c t i n g .  Energy l o s s e s  t h r o u g h  such a  system 
can be assumed t o  r e s u l t  f rom f l o w  r e s i s t a n c e  as w e l l  as f rom l o c a l  l o s s e s  
caused by  t h e  f l o w  c o n t r a c t i o n  and expansion.  Through t h e  r i f f l e s  o r  
chu tes ,  where t h e  f l o w  d e p t h s  a r e  low, energy  l o s s e s  shou ld  r e s u l t  p r i m a r i l y  
f rom f l o w  r e s i s t a n c e .  Through t h e  p o o l s  o r  r e s e r v o i r s ,  where t h e  f l o w  
d e p t h s  a r e  l a r g e  and t h e  f l o w  i s  c o n t r a c t i n g  and expandiny,  one would expec t  
l o c a l  l o s s e s  t o  c o n t r i b u t e  more s i g n i f i c a n t l y  t o  t n e  t o t a l  energy  l o s s  t h a n  
f l o w  r e s i  s tance  ( 1 9 ) .  
Losses due t o  f l o w  r e s i s t a n c e  a r e  computed on t h e  b a s i s  o f  t h e  Darcy- 
Weisbach e q u a t i o n :  
where R i s  t h e  h y d r a u l i c - r a d i u s ,  f i s  t h e  r e s i s t a n c e  c o e f f i c i e n t ,  and ' 
r e f e r s  t o  subreach parameters. 
Loca l  l osses ,  wh ich  a r e  genera ted by f l o w  c o n t r a c t i o n s  and expans ions 
t h r o u g h  t h e  p o o l - r i  f f l e  sequence, a r e  e s t i m a t e d  as  t h e  p roduc t  o f  t h e  
v e l  o c i  t y  head and a  1  oss  c o e f f i c i e n t :  
where C, t h e  l o c a l  l o s s  c o e f f i c i e n t ,  i s  a  f u n c t i o n  o f  channel geometry and 
f l o w  c o n d i t i o n s ,  and L i s  t h e  d i s t a n c e  between a d j a c e n t  c r o s s  sec t i ons .  Fo r  
expans ions  ( A 2 / ~ 1  > l ) ,  C i s  t h e  expans ion c o e f f i c i e n t  Ce  and V i s  t h e  
e n t r a n c e  v e l o c i t y  V 1 .  F o r  c o n t r a c t i o n s  ( A 2 / ~ 1  < I ) ,  C i s  t h e  c o n t r a c t i o n  
c o e f f i c i e n t  Cc and V i s  t h e  e x i t  v e l o c i t y  V2. 
The c o e f f i c i e n t s  Ce and C c  a r e  i n p u t  t o  t h e  l ow  f l o w  model f o r  each 
d i  scharge i n  t a b u l a r  fo rm as  a  f u n c t i o n  o f  t h e  h y d r a u l i c  d e p t h  r a t i o  ( D 2 / ~ 1 )  
o r  t h e  maximum d e p t h  r a t i o  (YMAX2/Y~AX1). Va lues  o f  Ce  and Cc  can be 
de te rm ined  f rom known c o n d i t i o n s  i n  a  p o o l - r i f f l e  sequence as d i scussed  i n  
t h e  s e c t i o n  on t h e  a n a l y s i s  o f  f i e l d  data .  
I n  cases where l o c a l  l o s s e s  a r e  assumed t o  be n e g l i g i b l e ,  t h e  o p t i o n  
e x i s t s  t o  s e t  SL = 0. The energy  s lope i s  then  de te rm ined  s o l e l y  on t h e  
b a s i s  o f  f l o w  r e s i s t a n c e  (SE = SF). 
2.2.3 F low Res i  s tance 
I n  t h e  l ow  f l o w  model, t h e  r e s i s t a n c e  c o e f f i c i e n t  f i s  a  dynamic 
parameter  wh ich  i s  computed on t h e  b a s i s  o f  channel and f l o w  c h a r a c t e r i s t i c s .  
Severa l  methods o f  e s t i m a t i n g  f a r e  a v a i l a b l e  i n  t h e  model : t h e  Kennedy- 
Lovera-A lam method; a  yenera l  l o g a r i t h ~ n i c  equa t ion ;  t h e  Bray  method; and t h e  
G r i f f i t h s  method. I n  t h e  Kennedy method, wh ich  was developed f o r  a l l u v i a l  
chanrlel s, t h e  t o t a l  r e s i  s tance c o e f f i c i e n t  i s  assumed t o  be t h e  1  i near  sum 
o f  t h e  f l a t  bed r e s i s t a n c e  ( f ' )  and t h e  bed form r e s i s t a n c e  ( f " ) .  As 
d e p i c t e d  i n  g r a p h i c a l  fo rm by Lovera  and Kennedy ( 1 0 ) ,  t h e  f l a t  bed 
r e s i s t a n c e  i s  a  f u n c t i o n  o f  t h e  Reyno lds  number ( ]R) and t h e  r e l a t i v e  d e p t h  
(R/D50). The bed form r e s i  s tance,  p o r t r a y e d  g r a p h i c a l  l y  by Alam and Kennedy 
( I ) ,  i s  a  f u n c t i o n  o f  t h e  p a r t i c l e  Froude nu~i iher  (IFD) and R/D50. These 
g raphs  a r e  s t o r e d  i n t e r n a l l y  i n  t h e  l ow  f l o w  model and used t o  i n t e r p o l a t e  
t h e  a p p r o p r i a t e  v a l l l e s  o f  f '  and f "  f o r  t h e  g i v e n  f l o w  c o n d i t i o n s .  
I f  t h e  channel bed i s  assumed t o  be r i g i d  and t h e  roughness i s  f u l l y  
developed,  t h e  f l o w  r e s i s t a n c e  can be determined on t h e  b a s i  s  o f  a  genera l  
1  o g a r i  t hm ic  e q u a t i o n  (13 )  : 
- -  
R 
- c  l o g  ( a  - 1  
JT ks 
f o r  KsV*/v > 70, where k s  i s  ~ i k u r a d s e ' s  sand g r a i n  roughness, V *  i s  t h e  
shear  v e l o c i t y  (m) , and a  and c  a r e  exper imen ta l  l y  de termined parameters. 
As r e p o r t e d  by  v a r i o u s  i n v e s t i g a t o r s ,  c  g e n e r a l l y  ranyes  frorn 2.00 t o  2.03 
and a  i s  a  f u n c t i o n  o f  c  as  we1 1  as  channel s l o p e  (13 ) .  The sandgra in  
roughness,  k s  can be r e l a t e d  t o  bed r n a t 2 r i a l  s i z e s  r a n g i n g  f ro r r~  D65 t o  Dgu 
(13) .  I n  t h e  l ow  f l o w  model, t h e  Keu leyan v a l u e s  f o r  a, c, and k s  a r e  used 
a s  d e f a u l t  v a l u e s  where a  = 11.09, c  = 2.03, and k s  = Dgo. A l t e r n a t i v e  
v a l u e s  o f  t hese  parameter niay be e n t e r e d  i n t e r a c t i v e l y  i n t o  t h e  model. 
The B r a y  and G r i f f i t h s  methods were developed f o r  g r a v e l  beds and a r e  
i n c l u d e d  i n  t h e  l ow  f l o w  model f o r  use as d e f a u l t  methods t h r o u g h  t h e  r i f f l e  
s e c t i o n s  where l a r g e  p a r t i c l e  d i a m e t e r s  o f t e n  render  t h e  Kennedy c u r v e s  
i n e f f e c t i v e .  Two forms o f  t h e  B ray  e q u a t i o n s  a r e  i n c l u d e d  i n  t h e  riiodel. 
The l o g a r i t h m i c  e q u a t i o n  can be expressed as  ( 5 ) :  
where D  i s  t h e  hyd rau l  i c  dep th  and A  and B a r e  a  f u n c t i o n  o f  t h e  p a r t i c l e  
s i z e  Dx. Va lues  o f  t h e s e  c o e f f i c i e n t s  f o r  D50 and Dg0 a r e  g i v e n  by: 
The power fo rm o f  t h e  B ray  e q u a t i o n  i s  ( 5 ) :  
where t h e  c o e f f i c i e n t s  C, x, and y a r e  d e f i n e d  by:  
The c o e f f i c i e n t s  f o r  e q u a t i o n s  10 and 11 a r e  s t o r e d  i n t e r n a l  l y  i n  t h e  low 
f l ow  model and t h e  model u s e r  may s p e c i f y  whether  t o  u t i l i z e  D50 o r  Ugo. 
The G r i f f i t h s  e q u a t i o n s  may he a p p l i e d  t o  a  r i g i d  o r   nob bile boundary. 
The r i g i d  boundary e q u a t i o n  i s  a  l o g a r i t h m i c  r e l a t i o n s h i p  between t h e  f l o w  
r e s i  s tance  and t h e  re1  a t i  ve depth.  F o r  v a l u e s  o f  !I50 l l R S ,  f i s  e s t i m a t e d  
by  ( 8 ) :  
The rnob i le  boundary e q u a t i o n  r e l a t e s  t h e  f l o w  r e s i s t a n c e  t o  t h e  p a r t i c l e  
Froude number i n  a  power e q u a t i o n  f o r  v a l u e s  o f  D50 < l l R S  ( 8 ) :  
The a p p r o p r i a t e  fo rm o f  t h e  G r i f f i t h s  e q u a t i o n  i s  u t i l i z e d  i n  t h e  low f l o w  
model depend ing on t h e  r e l a t i v e  magni tudes o f  D50 and ( l l ~ S ) ,  where t h e  
energy  s lope  i s  used t o  e s t i m a t e  S. 
2.3 Sol  u t i o n  Method01 oyy 
The low  f l o w  model i s  an i n t e r a c t i v e  computer  proyram r e f e r r e d  t o  as  
LOWFL. The model i s  w r i t t e n  i n  t h e  FOKTKAIV5 1  anguage f o r  use on t h e  CYBER 
computer  a t  t h e  U n i v e r s i t y  o f  I 1  1  i n o i  s. I n p u t  t o  LOWFL i n c l u d e s  c r o s s  
s e c t i o n  as w e l l  as  run  data .  Cross  s e c t i o n  data ,  wh ich  i s  r e t r - i e v e d  f rom a  
permanent ly  s t o r e d  f i l e ,  i s  used t o  d e f i n e  t h e  y e o ~ ~ i e t r i c  c o n f i y u r a t i o n  o f  
each c r o s s  s e c t i o n  w i t h i n  a  channel reach. P e r t i n e n t  i n p u t  da ta  a t  each 
c r o s s  s e c t i o n  i n c l u d e :  c r o s s  s e c t i o n  number; t h e  s t a t i o n ;  average va lues  
o f  D50 and dXx; and bo t tom e l e v a t i o n s  ac ross  t h e  s e c t i o n  and t h e  
c o r r e s p o n d i n g  d i s t a n c e s  f rom t h e  r i g h t  o r  l e f t  bank. The v a r i a b l e  D x x  may 
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f o r w a r d  d i f f e r e n c e s .  I f  t h e  s o l u t i o n  i s  w i t h i n  an accep tab le  bound o f  
e r r o r ,  t h e  a n a l y s i s  proceeds t o  t h e  n e x t  s e c t i o n .  I f  t h e  s o l u t i o n  i s  n o t  
accep tab le ,  a  new WSE i s  assumed and f l o w  parameters  a r e  recomputed on a  
c r o s s  s e c t i o n  and subreach b a s i s .  The process c o n t i n u e s  u n t i l  t h e  rnodel 
converyes  on an a c c e p t a b l e  s o l u t i o n  t o  t h e  energy equa t ion .  The i t e r a t i o n  
p rocess  i s  based on t h e  b i  s e c t i o n  techn ique ,  wh ich  i s  e x p l a i n e d  i n  more 
d e t a i l  b y  M i l l e r  (11) and B r a t e r  and K i n g  ( 4 ) .  
O u t p u t  f rom t h e  proyram i n c l u d e s  a  summary o f  t h e  channel c o n d i t i o n s  
and program o p t i o n s ,  as  we1 1  as a  d e s c r i p t i o n  o f  c r o s s  s e c t i o n  c h a r a c t e r -  
i s t i c s ,  subreach c h a r a c t e r i  s t i c s ,  f l o w  r e s i  s tance,  and energy  1  osses. The 
ana lyzed  d a t a  may be p r i n t e d  d i r e c t l y  a t  t h e  t e r m i n a l  o r  s t o r e d  i n  a  
permanent f i  l e .  
14 
3. ANALYSIS AND SIMULATION OF FIELD DATA 
3.1 D e s c r i p t i o n  o f  F i e l d  Study 
F i e l d  d a t a  f rom t h e  Kaskask ia  R i v e r  i n  sou th  c e n t r a l  I l l i n o i s  were used 
t o  e v a l u a t e  e x i s t i n g  c o n d i t i o n s  i n  n a t u r a l l y  o c c u r r i n y  p o o l - r i f f l e  sequences 
and t o  s i m u l a t e  l o w  f l o w  c o n d i t i o n s  w i t h  t h e  l ow  f l o w  model. The d a t a  were 
c o l  l e c t e d  by Bhowmik ( 2 )  i n  1979 as p a r t  o f  a  l a r g e r  s tudy  o f  t h e  f l o w  
h y d r a u l i c s  o f  t h e  Kaskask ia  R i v e r .  The low  f l o w  i n f o r m a t i o n  was c o l l e c t e d  
on two p o o l - r i f f l e  sequences, A  and H, l o c a t e d  downstream o f  Lake 
S he1 b y v i  1 l e .  F i e l d  measurements i n c l u d e d  channel bed and w a t e r  s u r f a c e  
e l e v a t i o n s ,  bed m a t e r i a l  sa~nples,  and t r a n s v e r s e  v e l o c i t y  p r o f i l e s  a t  t h e  
r i f f l e  s e c t i o n s .  The d a t a  were t a k e n  a t  a  d i s c h a r g e  o f  58 c f s ,  wh ich  i s  
equal  l e d  o r  exceeded 8 8 h f  t h e  t ime .  More i n - d e p t h  i n f o r m a t i o n  concern ing  
t h e  d a t a  c o l l e c t i o n  t e c h n i q u e s  i s  p r o v i d e d  by Bhowniik ( 2 )  and M i l l e r  (11 ) .  
3.2 A n a l y s i s  o f  F i e l d  Data  
The p r i m a r y  o b j e c t i v e s  o f  t h e  a n a l y s i s  procedure  were t o  use observed 
c o n d i t i o n s  t o  g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  changes i n  f l o w  parameters  as  a  
f u n c t i o n  o f  t h e  p o o l - r i f f l e  geonietry, t o  de te rm ine  t h e  b e s t  means o f  
e s t i m a t i n g  f l o w  r e s i s t a n c e  under  l o w  f l o w  c o n d i t i o n s ,  and t o  es t i r l i a te  t h e  
magni tude o f  t h e  l o c a l  l o s s  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  t h e  expans ions and 
c o n t r a c t i o n s  o c c u r r i n g  t h r o u g h  t h e  sequence. I n  genera l  , s i m i l a r  t r e n d s  
were  observed i n  t h e  geometr ic ,  hyd rau l  i c  and r e s i  s t i  ve parameters  computed 
f o r  b o t h  sequences. R e s u l t s  f r o ~ n  sequence A a r e  used f o r  i 1 l u s t r d t i v e  
\ 
purposes and a r e  sumniari zed i n  t h i s  s e c t i o n .  More d e t a i l e d  i n f o r m a t i o n  
c o n c e r n i n g  p o o l - r i f f l e  sequences H and B  i s  g i v e n  by M i l l e r  ( 1 1 ) .  
As i l l u s t r a t e d  i n  F i g u r e  2c f o r  sequence A, t h e  w a t e r  s u r f a c e  p r o f i l e  
shows a  genera l  decrease i n  t h e  downstream d i  r e c t i o n ;  however, anomal i e s  i n  
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V.V 
b. Maximum and Hydraulic Depth 
509 Water Surface 
508 
507 
506 
505 
504 
503 
502 
50 1 
0 200 400 600 800 1m 1200 1400 1600 1800 
Distance Along Thalweg ( f t )  
c .  Water Surface and Channel Bed Profile 
F i g u r e  2 Flow C h a r a c t e r i s t i c s  o f  Poo l -R i  f f l e  Sequence A 
t h e  p r o f i l e  a r e  apparent  downstream o f  t h e  r i f f l e  tops ,  where t h e  w a t e r  
s u r f a c e  e l e v a t i o n s  decrease s u b s t a n t i a l l y  and then  recover .  I n  genera l ,  as  
shown i n  T a b l e  1 and F i g u r e  2b, f l o w  parameters  r e l a t e d  t o  t h e  d e p t h  o f  
f low, such as  t h e  maximum depth ,  t h e  h y d r a u l i c  depth,  t h e  r e l a t i v e  depth ,  
t h e  h y d r a u l i c  r a d i u s  and t h e  c r o s s  s e c t i o n  area,  t e n d  t o  i n c r e a s e  i n  v a l u e  
t h r o u y h  t h e  p o o l s  and decrease throu-gh t h e  r i f f l e s .  As p resen ted  i n  T a b l e  2  
and F i g u r e  2a, t h e  mean v e l o c i t y  and r e l a t e d  parameters,  such as  t h e  Froude 
and Reyno lds  numbers, a r e  i n v e r s e l y  re1 a t e d  t o  t h e  f l o w  d e p t h  and t h e r e f o r e  
t e n d  t o  decrease t h r o u g h  t h e  p o o l s  and i n c r e a s e  t h r o u y h  t h e  r i f f l e s .  
T a b l e  1 Geometr ic  C h a r a c t e r i s t i c s  o f  P o o l - R i f f l e  Sequence A 
Water Min. 
Cross 
Sequence Sec t i on  S t a t i o n  
( f t )  
Sur face Bottom 
Elev.  Elev.  
(MSL) (MSL) 
Maximum Top 
Depth Width 
( f t )  ( f t )  
0.70 66.60 
1.00 35.50 
3.40 102.67 
2.18 59.09 
2.15 84.02 
3.80 89.60 
1.20 59.50 
1.32 66.83 
Wetted 
Area Per imeter  
( f t 2 )  ( f t )  
31.48 66.66 
22.33 35.61 
169.60 102.96 
89.65 59.49 
72.81 84.38 
249 .09 90 .34 
41.45 59.78 
64 .09 67.05 
Hydr. 
Radius 
0
0.47 
0.63 
1.65 
1.51 
0.86 
2.76 
0.69 
0.96 
Hydr. 
Depth 
( f t )  
0.47 
0.63 
1.65 
1.52 
0.87 
2.78 
0.70 
0.96 
Tab'le 2 Hydrau l  i c  C h a r a c t e r i  s t i c s  o f  Pool - R i  f f l e  Sequence A 
- - - P a r t i c l e  
Cross Mean Froude Froude Reynolds 
Sequence Sec t i on  V e l o c i t y  No. No. No. 
( f t l s )  ( ~ 1 0 4 )  
I n  t h e  a n a l y s i s  procedure ,  f l o w  r e s i s t a n c e  was computed on t h e  b a s i s  o f  
t h e  a1 t e r n a t i v e  methods d i scussed  i n  t h e  p r e v i o u s  c h a p t e r ,  a s  we1 1  as by t h e  
Darcy-Wei sbach e q u a t i o n :  
where f ~ w  i s  t h e  Darcy-Wei sbach r e s i s t a n c e  c o e f f i c i e n t  and SE i s  t h e  
observed energy s lope  ( A H I L ) .  As shown i n  F i g u r e  3, t h e  v a l u e  o f  f ~ w  i n  
genera l  decreases t h r o u g h  t h e  r i f f l e s  and i n c r e a s e s  s u b s t a n t i a l l y  t h r o u g h  
t h e  poo ls .  The l a r g e  v a l u e s  i n  t h e  p o o l s  can p a r t i a l l y  be a t t r i b u t e d  t o  t h e  
f o r m  o f  t h e  Darcy-Weisbach equa t ion ,  where ~ D W  i s  d i r e c t l y  r e l a t e d  t o  t h e  
h y d r a u l i c  r a d i u s  and i n v e r s e l y  r e l a t e d  t o  t h e  v e l o c i t y .  However, a s  f ~ w  i s  
a1 so a  r e f l e c t i o n  o f  t h e  t o t a l  energy  s lope,  t h e  u n r e a l i s t i c a l l y  h i g h  v a l u e s  
o f  f ~ w  i n  t h e  pool  a reas  a1 so suggest  t h a t  l o s s e s  i n  a d d i t i o n  t o  channel bed 
r e s i s t a n c e  a r e  be ing  generated.  These a d d i t i o n a l  l o s s e s  a r e  r e f e r r e d  t o  as  
l o c a l  l o s s e s  and a r e  assumed t o  r e s u l t  f rom t h e  c o n t r a c t i o n  and expans ion o f  
t h e  f l o w  as  i t  passes t h r o u g h  t h e  p o o l - r i f f l e  sequence. 
The r e s i s t a n c e  c o e f f i c i e n t s  ( f )  computed on t h e  b a s i s  o f  t h e  a1 t e r -  
n a t i v e  methods a r e  more d i r e c t l y  a  r e f l e c t i o n  o f  channel bed and bed f o r ~ r i  
r e s i s t a n c e  alone.  I n  genera l ,  as  d e p i c t e d  i n  F i g u r e  3, v a l u e s  o f  f a r e  
s u b s t a n t i a l l y  l o w e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  o f  f ~ w .  The Kennedy-Alam- 
L o v e r a  method y i e l d s  t h e  l o w e s t  s tandard  e r r o r  o f  e s t i m a t e  and t h e  h i g h e s t  
p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t  i n  a  c o ~ n p a r i s o n  between f and f i)~. I n  
t h o s e  subreaches where t h e  re1 a t i  ve d e p t h  i s  smal l  and t h e  Kennedy c u r v e s  
a r e  i n e f f e c t i v e ,  t h e  Bray  method serves as  t h e  b e s t  d e f a u l t  method. 
G e n e r a l l y ,  f o r  t h o s e  v a l u e s  o f  f computed on t h e  b a s i s  o f  t h e  Kennedy 
method, t h e  bed for111 r e s i s t a n c e  ( f " )  i s  s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  f l a t  
bed r e s i  s tance ( f '  ) . 
Based on t h e  c o n c l u s i o n  t h a t  t h e  d i s c r e p a n c y  between v a l u e s  o f  f ~ w  and 
f i s  a  r e f l e c t i o n  o f  t h e  d i  f f e r e n c e  between t o t a l  energy  l o s s e s  and f l o w  
r e s i s t a n c e  a lone,  l o c a l  l o s s e s  were computed f o r  each subreach as: 
E leva t ion ( rn SL) Resistance Coef f ic ient, f 
where f i s  e s t i m a t e d  on t h e  b a s i s  o f  t h e  a1 t e r n a t i v e  methods. When mu1 ti- 
p l i e d  by t h e  subreach l e n g t h  ( L ) ,  SL i s  c o n v e r t e d  t o  t h e  l o c a l  head l o s s  
( h L ) .  The v a l u e  o f  h ~  i s  used t o  compute t h e  l o c a l  l o s s  c o e f f i c i e n t  C by: 
F o r  a  c o n t r a c t i n g  subreach, C = C c  and V = V2, w h i l e  f o r  an expand ing 
subreach C = Ce and V = V 1 .  
To d e v e l o p  a  p r e d i c t i v e  riieans o f  e s t i m a t i n g  1  oca l  l o s s  c o e f f i c i e n t s ,  
t h e  c o e f f i c i e n t s  Ce and C c  were c o r r e l a t e d  w i t h  a  number o f  h y d r a u l i c  and 
geomet r i c  r a t i o s .  The   no st ~ n e a n i r i g f u l  r e l a t i o n s h i p  was found w i t h  t h e  
h y d r a u l i c  d e p t h  r a t i o  D2/U1. C a l i b r a t e d  p l o t s  o f  Ce and C c  ve rsus  U2/D1 a r e  
p resen ted  i n  F i g u r e  4, where t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  a r e  based on t h e  
Kennedy-Alarn-Lovera method o f  e s t i ~ n a t i n y  f l o w  r e s i s t a n c e .  For  t h e  expans ion 
c o e f f i c i e n t ,  t h e  v a l u e  o f  Ce i n c r e a s e s  w i t h  i n c r e a s i n g  v a l u e s  o f  Ul /U2.  For  
t h e  c o n t r a c t i o n  c o e f f i c i e n t ,  Cc  i n c r e a s e s  as D2/Dl  approaches 1 .O. I n  
p o o l - r i  f f l e  sequence A, a  d e p t h  r a t i o  y r e a t e r  t h a n  1.0 i s  observed a t  
c o n t r a c t i n g  subreach 1-2, where t h e  d e p t h  i n c r e a s e s  b u t  t h e  a rea  decreases 
due t o  a  decrease i n  t h e  t o p  w i d t h .  I n  b o t h  curves,  t h e  c o e f f i c i e n t s  reach  
t h e i r  maximurn v a l u e s  i n  t h e  pool a reas  where t h e  f l o w  c o n t r a c t i o n s  and 
expans ions  a r e  t h e  l a r g e s t .  
4 s  p a r t  o f  t h e  a n a l y s i s ,  a  co~npar i  son was made between t h e  channel bed 
(So) ,  t h e  w a t e r  s u r f a c e  (Sw) ,  and t h e  er ieryy s l o p e s  (SE) .  A t  a l l  subreaches 
t h e  a b s o l u t e  v a l u e  o f  So was s i g n i f i c a n t l y  y r e a t e r  t h a n  Sw and SE. A1 though  
Sw and SE f o l l o w  s i m i l a r  p a t t e r n s  t h r o u g h  t h e  p o o l - r i f f l e  sequences, t h e  two 
s l o p e s  a r e  r a r e l y  equal  i n  va lue.  The magnitude o f  SE t e n d s  t o  i n c r e a s e  
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t h r o u g h  t h e  r i f f l e s  and decrease t h r o u g h  t h e  pool  s, w i t h  t h e  s teepes t  s lopes  
o c c u r r i n g  downstream o f  t h e  r i f f l e  t o p s  and t h e  f l a t t e s t  nea r  t h e  pool 
bo t toms.  
F i n a l  ly ,  t o  ill u s t r a t e  t h e  problems encountered i n  r e p r e s e n t i n g  a 
s e r i e s  o f  p o o l s  and r i f f l e s  by o v e r a l l  reach c h a r a c t e r i s t i c s ,  a compar ison 
was made between average reach  v a l u e s  o f  f l o w  parameters  and t h e  range o f  
c r o s s  s e c t i o n  c h a r a c t e r i s t i c s  observed f o r  t h e  reach. I n  genera l ,  as  shown 
i n  T a b l e  3, t h e  reach  v a l u e s  f a l l  w i t h i n  t h e  observed range o f  c r o s s  s e c t i o n  
v a l u e s ;  however, a t  no t i m e  do t h e  reach  v a l u e s  adequa te l y  r e p r e s e n t  t h e  
t r u e  v a r i a t i o n s  t h a t  a r e  o c c u r r i  ny t h r o u g h  t h e  pool - r i  f f l e  sequences. 
T a b l e  3 Comparison o f  Reach Versus Observed Range o f  Cross  S e c t i o n  
C h a r a c t e r i  s t i c s  f o r  Pool  - R i  f f l e  Sequence A 
Sequence Sequence A 
Observed 
Parameter ~ e a c h l  Range 
Cross Sec t i on  Area, A ( f t 2 )  32.65 22.33 - 249.09 
Top Width, T ( f t )  70.48 35.50 - 102.67 
Wetted Perimeter,  P ( f t )  70.78 35.61 - 102.96 
P a r t i c l e  Diameter, D ~ u  (mm) 10.25 0.44 - 40.00 
Maximum Depth, Y ( f t )  1.97 0.70 - 3.80 
Hydrau l i c  Depth, D ( f t )  1.31 0.47 - 2.78 
Hydrau l i c  Radius, R ( f t )  1.31 0.47 - 2.76 
Mean V e l o c i t y ,  V ( f t l s )  0.63 0.23 - 2.61 
R e l a t i v e  Depth, RID50 38.95 5 - 2849 
Froude Number, IF 0.20 0.02 - 0.58 
P a r t i c l e  Froude Number, IFD 0.61 0.50 - 3.71 
Reynolds Number, IR ( ~ 1 0 4 )  8.25 7.23 - 16.90 
2 ~ h a n n e l  Slope, So 0.0012 -0.0119 - 0.0112 
2 ~ a t e r  Surface Slope, Sw 0.0008 -0.0005 - 0.0008 
2 ~ n e r g y  Slope, SE 0 .0008 0.0001 - 0.0075 
Darcy-Wei sbach F r i c t i o n  
Factor ,  ~ D W  0.71 0.22 - 0.81 
Kennedy Resistance 
c o e f f i c i e n t ,  ~ K N  
f '  
Reach parameters parameters computed on _basis o f  averaye va lues o f  A, T, 
P,  Y ,  and 050 where A = &A/N, T = &TIN, P = &PIN, Y = ZYIN, D50 = ED501N. 
and N = number c ross  sec t i ons  
2 Slopes computed as -(En - E l ) / L  where 1 = f i r s t  c ross sect ion; 
n = l a s t  c ross  sec t i on  i n  reach 
O f f  Kennedy curves 
Based on subreaches 4-5 through 7-8 
3.3 S i m u l a t i o n  o f  F i e l d  Da ta  
Low f l ow  c o n d i t i o n s  were s i m u l a t e d  f o r  t h e  two p o o l - r i f f l e  sequences 
on t h e  Kaskask ia  R i v e r  based on g i v e n  i n i t i a l  and boundary c o n d i t i o n s .  The 
o b j e c t i v e s  o f  t h e  s i m r r l a t i o n  were t o  t e s t  t h e  v a l i d i t y  o f  t h e  l o w  f l o w  model, 
e v a l u a t e  t h e  d i  f f e r e n c e  between eneryy  e q u a t i o n s  4  and 5, and assess t h e  
impor tance  o f  i n c l u d i n g  l o c a l  l o s s e s  as p a r t  o f  t h e  t o t a l  eneryy  l o s s .  As 
summarized i n  T a b l e  4, f o u r  s i m u l a t i o n s  were conducted u s i n g  t h e  l ow  f l o w  
model (LOWFL) based on t h e  two d i f f e r e n t  forrns o f  t h e  eneryy  equa t ions ,  each 
w i t h  and w i t h o u t  t h e  i n c l u s i o n  o f  l o c a l  l osses .  Va lues  f o r  t h e  l o c a l  l o s s  
c o e f f i c i e n t s  were de te rm ined  i n  t h e  a n a l y s i s  procedure  d i scussed  i n  t h e  
p r e v i o u s  s e c t i o n .  
T a b l e  4  D e s c r i p t i o n  o f  Computer Runs f o r  S i m u l a t i o n  
o f  F i e l d  Data  
Expans ion 
C o n t r a c t  i o n  
Run No. Model Energy E q u a t i o n  Losses I n c .  
1 LOWFL E q u a t i o n  5 No 
2 LOWFL E q u a t i o n  5 Yes 
3 LOWFL E q u a t i o n  4  N o  
4  LOWFL Equa t ion  4  Yes 
5 HEC-2 No 
6 HEC-2 Yes 
A  compar ison between p r e d i c t e d  and observed f l o w  parameters  f o r  poo l -  
r i f f l e  sequence A  f o r  t h e  f o u r  s i m u l a t i o n  runs  i s  p resen ted  i n  T a b l e  5 and 
F i g u r e s  5  and 6. S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  p o o l - r i  f f l e  sequence B. 
Run 4, wh ich  i s  based on t h e  head d i f f e r e n c e  scheme ( e q u a t i o n  4 )  w i t h  t h e  
i n c l u s i o n  o f  l o c a l  l osses ,  e x a c t l y  reproduces observed maximum dep ths  and 
mean v e l o c i t i e s  a t  a l l  c r o s s  sec t i ons ,  where maximum d e p t h  i s  a  d i r e c t  
i n d i c a t o r  o f  t h e  w a t e r  s u r f a c e  e l e v a t i o n .  Run 2, wh ich  i s  based on 
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Maximum Depth, Y (ft) 
I 
Mean Velocity, V (ft/s) 
e q u a t i o n  5  a l s o  w i t h  t h e  i n c l u s i o n  o f  l o c a l  l osses ,  rep roduces  observed 
d e p t h s  a t  a l l  c r o s s  s e c t i o n s  excep t  a t  s e c t i o n  2  and produces e r r o r s  i n  t h e  
mean v e l o c i t y  o f  2%, 7% and 1% a t  c r o s s  s e c t i o r ~ s  1, 2  and 7, r e s p e c t i v e l y .  
F o r  Run 1, . w h i c h  i s  based on e q u a t i o n  5  w i t h  no l o c a l  l osses ,  d i f f e r e n c e s  
between observed and p r e d i c t e d  f l o w  parameters  a r e  rnore apparent ,  r a n g i n g  i n  
magni tude frorn 0%-8% f o r  dep th  and 0%-15% f o r  v e l o c i t y .  Run 3, wh ich  i s  
based on t h e  head d i  f f e r e n c e  scheme w i t h  no l o c a l  l osses ,  i s  i ncomp le te  a t  
c r o s s  s e c t i o n s  1 and 2 a s  t h e  f l o w  model was unab le  t o  converge on a  
s o l u t i o n  a t  s e c t i o n  2. T h i s  l a t t e r  comb ina t ion  o f  t h e  head d i f f e r e n c e  
scheme w i t h  no l o c a l  l o s s e s  i s  commonly found i n  c o n v e n t i o n a l  f l o w  model s, 
and s i m i l a r  prob'lems w i t h  convergence a r e  o f t e n  encountered a t  low f lows.  
D i f f e r e n c e s  between Runs 1-4  a r e  accen tua ted  i n  a  compar ison o f  
observed v e r s u s  p r e d i c t e d  energy  s lopes.  As shown i n  T a b l e  5 f o r  sequence 
A, p r e d i c t e d  and observed v a l u e s  o f  SE a r e  a p p r o x i m a t e l y  equal  f o r  Run 4. 
F o r  Run 2, d i f f e r e n c e s  as l a r g e  as  3 5 h n d  33% o c c u r  a t  subreaches 2-3 and 
6-7, r e s p e c t i v e l y .  I n  Run 1, t h e  l a r g e s t  d i s c r e p a n c i e s  between observed and 
p r e d i c t e d  v a l u e s  o f  SE occu r  a t  subreaches 3-4 and 5-6, w i t h  e r r o r s  as l a r g e  
a s  55% and 63%, r e s p e c t i v e l y .  
Based on t h e  f o r e g o i n g  compar ison o f  p r e d i c t e d  ve rsus  observed f l o w  
parameters ,  i t  appears  t h a t  t h e  b e s t  s i m u l a t i o n  runs  a r e  based on t h o s e  
schemes wh ich  i n c l u d e  l o c a l  l o s s e s  as  a  p a r t  o f  t h e  energy  s lope.  F u r t h e r -  
more, e q u a t i o n  4, t h e  head d i  f f e r e n c e  scheme, y i e l d s  s l i g h t l y  b e t t e r  
p r e d i c t i o n s  t h a n  e q u a t i o n  5. The l a t t e r  r e s u l t  may be due t o  t h e  average 
a r e a  t e r m  (R) i n  e q u a t i o n  5. Under l ow  f l o w  c o n d i t i o n s ,  where a reas  change 
r a p i d l y  between c r o s s  sec t i ons ,  t h e  use o f  t h i s  t e r m  may i n t r o d u c e  e r r o r s  
i n t o  t h e  compu ta t i ona l  scheme. 
F o r  compara t i ve  purposes, f l o w  c o n d i t i o n s  i n  t h e  p o o l - r i  f f l e  sequences 
were a1 so s i m u l a t e d  u s i n g  HEC-2, a  c o n v e n t i o n a l  f l o w  model. HEC-2 i s  based 
on t h e  s o l u t i o n  o f  t h e  one-dimensional  energy  e q u a t i o n  u s i n g  t h e  s tandard  
s t e p  techn ique .  Losses due t o  f r i c t i o n  a r e  computed on t h e  b a s i s  o f  t h e  
Manning e q u a t i o n  and assumed v a l u e s  o f  Mann ing ' s  n  a t  each c r o s s  s e c t i o n .  
Losses due t o  c o n t r a c t i o n s  and expans ions a r e  e v a l u a t e d  as ( 9 ) :  
where t h e  rec.ommended v a l u e s  o f  C a r e  0.10 f o r  channel c o n t r a c t i o n s  and 0.30 
f o r  expansions.  
Two s i m u l a t i o n  r u n s  u s i n g  HEC-2 were conducted a t  each p o o l - r i f f l e  
sequence. I n  Run 5, c o n t r a c t i o n  and expans ion l o s s e s  were n o t  i n c l u d e d  
(C = 0.00). I n  Run 6, c o n t r a c t i o n  and expans ion l o s s e s  were computed on t h e  
b a s i s  o f  t h e  s tandard  v a l u e s  o f  C (Cc = 0.10 and C e  = 0.30). For  b o t h  runs,  
reasonab le  v a l u e s  o f  Manning 's  n  were assumed a t  each c r o s s  s e c t i o n  on t h e  
b a s i  s  o f  known c o n d i t i o n s  and t h e  range o f  expected v a l u e s  as  g i v e n  by Chow 
( 6 )  f o r  n a t u r a l ,  w i n d i n g  streams w i t h  some pool s  (0.03-0.05) and f o r  
s l  u g g i  sh reaches ~i t h  deep pool s  (0.05-0.08). F o r  pool - r i  f f l e  sequence A, 
assumed v a l u e s  o f  n  were U.03 a t  c r o s s  s e c t i o n  8,  0.04 a t  s e c t i o n s  1, 2 and 
7, 0.05 a t  s e c t i o n s  4  and 5, 0.06 a t  s e c t i o n  3, and 0.07 a t  s e c t i o n  6. 
A  compar i  son o f  observed ve rsus  p r e d i c t e d  v a l u e s  f o r  maxiriium depth,  
mean v e l o c i t y  and energy  s lope  as computed by HEC-2 i n  Runs s and 6  i s  
p r e s e n t e d  i n  T a b l e  6  f o r  sequence A. The l a r g e s t  d i f f e r e n c e s  between 
observed and p r e d i c t e d  maximum d e p t h  a r e  7% and 19% f o r  Run 5 and 6% and 8% 
f o r  Run 6  a t  c r o s s  s e c t i o n s  1 and 2, r e s p e c t i v e l y .  The c o r r e s p o n d i n g  
d i f f e r e n c e s  i n  mean v e l o c i t y  a re  10% and 37% f o r  Run 5  and 5 n n d  13% f o r  
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4. ANALYSIS AND SIMULATION OF LABORATORY EXPERIMENTS 
4.1 Overv iew o f  Exper imen ta l  Proyrarn 
To s tudy  t h e  i n f l u e n c e  o f  t h e  pool  and r i f f l e  yeo~ne t ry  on f l o w  
c h a r a c t e r i s t i c s  as  a  f u n c t i o n  o f  f l o w  d e ~ t h  and d i scha rge ,  a  s e r i e s  o f  
l a b o r a t o r y  exper imen ts  were conducted on a  model o f  two p o o l - r i  f f l e  
sequences c o n s t r u c t e d  i n  a  24 ft l o n g  by 1.5 f t wide by 2 f t  deep flurne. 
Channel bed rouy  hness was induced by a d h e r i  ng seve ra l  u n i  fo rm 1  a y e r s  o f  
c l e a n ,  whole g r a i n  sand p a r t i c l e s  t o  t h e  plywood channel bed u s i n y  
p o l y u r e t h a n e  f i n i s h .  A  schemat ic d iagram o f  t h e  l a b o r a t o r y  model i s  
p resen ted  i n  F i y u r e  7. 
Two s e t s  o f  da ta ,  each coinpr ised o f  seve ra l  r u n s  a t  d i f f e r e n t  d i s c h a r g e  
r a t e s ,  were c o l l e c t e d  as p a r t  o f  t h e  exper imen ta l  proyram. Data  Set  I, 
w h i c h  was used t o  ana lyze  t h e  l a b o r a t o r y  d a t a  and c a l i b r a t e  t h e  low f l o w  
model , i n c l u d e d  t h e  c o l  l e c t i o n  o f  channel  bed and w a t e r  s u r f a c e  e l e v a t i o n s ,  
a s  w e l l  as  v e r t i c a l  and t r a n s v e r s e  v e l o c i t y  p r o f i l e s ,  a t  6 d i s c h a r g e s  
r a n g i n g  f rom 0.20 t o  1.20 c f s  i n  a  0.20 i nc remen ts .  Da ta  Set  11, wh ich  was 
used t o  v e r i f y  t h e  low f l o w  rliodel, was based on channel  and wa te r  s u r f a c e  
p r o f i l e s  c o l l e c t e d  a t  d i s c h a r g e s  r a n g i n g  frorn 0.10 t o  1.30 c f s  i n  0.20 
i nc remen ts .  Water s u r f a c e  and channel  bed p r o f i l e s  were measured u s i n g  a  
s tandard  s t e e l  p o i n t  gage, v e l o c i t y  measurei~ients were taken  w i t h  a  m i n i  f l o  
meter ,  and d i s c h a r y e  r a t e s  were measured t h r o u g h  a  90" V-notch w e i r .  A  rnore 
d e t a i l e d  account  o f  t h e  l a b o r a t o r y  procedures  and i n s t r u i n e n t a t i o n  i s  y i v e n  
by  M i l l e r  ( 1 1 ) .  
4.2 A n a l y s i s  o f  L a b o r a t o r y  Uata  
Da ta  c o l l e c t e ' d  i n  Da ta  S e t  I were used t o  conduct  an a n a l y s i s  o f  t h e  
1  a b o r a t o r y  c o n d i t i o n s .  The genera l  t r e n d s  observed f o r  i n d i v i d u a l  

parameters  were s i m i l a r  t o  t h o s e  observed under  f i e l d  c o n d i t i o n s  on t h e  
p o o l - r i  f f l e  sequences i n  t h e  Icaskaskia R i v e r ,  I 1  l i n o i  s. I n  genera l ,  t h e  
d e p t h  o f  f l o w  and r e l a t e d  parameters t e n d  t o  decrease i n  va lue  t h r o u g h  t h e  
r i f f l e s  and i n c r e a s e  t h r o u g h  t h e  poo ls .  Converse ly ,  t h e  mean v e l o c i t y  and 
r e l a t e d  d i m e n s i o n l e s s  parameters tend t o  i n c r e a s e  t h r o u g h  t h e  r i f f l e s  and 
decrease t h r o u g h  t h e  vool s. The Reyno lds  number, wh ich  i s  d i r e c t l y  r e l a t e d  
t o  b o t h  t h e  v e l o c i t y  and t h e  h y d r a u l i c  r a d i u s ,  m a i n t a i n s  f a i r l y  c o n s t a n t  
v a l u e s  t h r o u g h  t h e  p o o l - r i f f l e  sequence f o r  a  g i v e n  d i scha rge .  The v a l u e  o f  
t h e  energy  c o r r e c t i o n  f a c t o r  a decredses t h r o u g h  t h e  r i f f l e s  and i n c r e a s e s  
t h r o u g h  t h e  pool s, c o r r e s p o n d i n g  t o  t h e  u n i  fo rm v e l  o c i  t y  p r o f i l e s  observed 
a t  t h e  r i f f l e s  and t h e  l o g a r i t h m i c  p r o f i l e s  a t  t h e  pools.  
Based on t h e  l a b o r a t o r y  d a t a  i t  was a1 so p o s s i b l e  t o  e v a l u a t e  t h e  f l o w  
parameters  as  a  f u n c t i o n  o f  d i scha rge .  As i l l u s t r a t e d  i n  p l o t s  o f  t h e  wa te r  
su r face  p r o f i  1  e s  and pe rcen t  rnaximu~n f l o w  d e p t h  f o r  s i x  d i  f f e r e n t  d i  scharges 
( F i g u r e s  8 and 9, r e s p e c t i v e l y ) ,  seve ra l  i m p o r t a n t  t r e n d s  become apparent .  
I n  genera l ,  as t h e  f l o w  r d t e  i nc reases ,  t h e  magni tude o f  t h e  i n d i v i d u a l  
parameters  i n c r e a s e s .  E x c e p t i o n s  t o  t h i s  l a t t e r  t r e n d  were observed w i t h  
t h e  f l o w  r e s i  s tance c o e f f i c i e n t ,  wh ich  tends  t o  decrease w i t h  i n c r e a s i n y  
d i s c h a r g e ,  and w i t h  a and t h e  energy s lope SE,  wh ich  i n i t i a l l y  i n c r e a s e  it1 
v a l u e  w i t h  i n c r e a s i n g  d i  scharge, b u t  t h e n  show a  decrease a t  t h e  h i  j h e r  f l o w  
r a t e s .  
A1 though  t h e  parameter v a l u e s  i n  genera l  i n c r e a s e  w i t h  i n c r e a s i n g  
d i  scharge,  t h e  r a t e  o f  change between success i ve  d i  scharges decreases as t h e  
f l o w  r a t e  i nc reases .  S i m i l a r l y ,  as  i n d i c a t e d  by an e v a l u a t i o n  o f  t h e  r a t i o  
o f  downstream t o  upst ream parameter va lues,  changes i n  f l o w  c h d r a c t e r i s t i c s  
between a d j a c e n t  c r o s s  s e c t i o n s  i n  genera l  become 1  ess  pronounced w i  t h  
i n c r e a s i n g  d i scha rge .  These t r e n d s  i n d i c a t e  t h a t  as t h e  f l o w  r a t e  and dep th  
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i nc rease ,  t h e  i n f l u e n c e  o f  t h e  pool and r i f f l e  geometry on f l o w  c h a r a c t e r -  
i s t i c s  becomes l e s s  s i g n i f i c a n t .  
The genera l  p a t t e r n s  e x h i b i t e d  by  t h e  f l o w  r e s i s t a n c e  a r e  s i m i l a r  f o r  
t h e  l a b o r a t o r y  and f i e l d  data .  A t  a1 1  f l o w  r a t e s  i n  t h e  l a b o r a t o r y  data ,  
t h e  Darcy-Wei sbach r e s i s t a n c e  c o e f f i c i e n t  f~~ decreases t h r o u g h  t h e  r i f f l e s  
and i n c r e a s e s  s i g n i f i c a n t l y  i n  t h e  pools.  Fur thermore,  as  t h e  f l o w  r a t e  
i n c r e a s e s  t h e  v a l u e  o f  f ~ w  decreases.  These t r e n d s  a r e  i l l u s t r a t e d  i n  
F i g u r e  10 i n  p l o t s  o f  f ~ w  a t  d i s c h a r g e s  o f  0.20, 0.60, and 1.00 c f s .  
To i l l u s t r a t e  t h e  d i f f e r e n c e  between fuW and f on a  c r o s s  s e c t i o n  b a s i s ,  
t h e  v a l u e s  o f  t h e  r e s i s t a n c e  c o e f f i c i e n t  computed by  t h e  v a r i o u s  methods a r e  
p l o t t e d  i n  F i g u r e  11 f o r  a  d i s c h a r g e  o f  0.60 c fs .  I n  compar ison t o  f, t h e  
v a l u e  o f  f ~ w  i s  c o n s i d e r a b l y  more v a r i e d  a l o n g  t h e  channel  f rom subreach t o  
subreach. I n  t h e  pool subreaches, f ~ w  i s s i g n i f i c a n t l y  g r e a t e r  than a1 l 
v a l u e s  o f  f. As d i s c u s s e d  p r e v i o u s l y ,  t h e  a d d i t i o n a l  l o s s e s  a s s o c i a t e d  w i t h  
expand ing  f l o w  a r e  ev idenced i n  t h e  l a r y e  v a l u e s  o f  ~ D W  observed i n  t h e  pool 
subreaches. I n  t h e  r i f f l e s  s e c t i o n s ,  t h e  Keu leyan and Bray  ( l o g )  methods 
c o n t i n u e  t o  u n d e r e s t i m a t e  t h e  v a l u e  o f  f~w; w h i l e  t h e  f de te rm ined  by t h e  
Kennedy, t h e  G r i  f f i  t h s ,  and t h e  B ray  (power)  methods o v e r e s t i m a t e  f ~ w .  
These r i f f l e  subreaches a r e  c h a r a c t e r i z e d  by  l o w  v a l u e s  o f  R t j ,  Rg/Oso, IFD, 
and lRg. 
The t r e n d s  d i s c e r n e d  i n  F i g u r e  11 a r e  s i m i l a r  a t  t h e  o t h e r  d i scha rges ;  
however, a s  t h e  f l o w  r a t e  i nc reases ,  t h e  i n f l u e n c e  o f  t h e  p o o l - r i f f l e  
geometry d i m i n i s h e s  and t h e  v a l u e  o f  f approaches t h a t  o f  f ~ w .  T h i s  i n d i -  
c a t e s  t h a t  as  t h e  d i s c h a r g e  inc reases ,  energy  l o s s e s  can be more d i r e c t l y  
a t t r i b u t e d  t o  f l o w  r e s i  s tance  a1 one. 
I n  a  compar ison between t h e  a l t e r n a t i v e  methods o f  comput ing  f l o w  
r e s i s t a n c e ,  t h e  Kennedy method, combined w i t h  t h e  G r i f f i t h  method a s  a  
d e f a u l t  method, y i e l d s  t h e  1  owest s tandard  e r r o r  o f  e s t i m a t e  and h i  yhes t  
Darcy-Weisbach Friction Factor, f~w 
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p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  f ~ w .  I n  t h e  Kennedy method, t h e  
r e s i s t a n c e  due t o  bed forms ( f " )  i s  l a r y e r  than  t h a t  due t o  a  f l a t  bed ( f ' ) ;  
however, t h e  d i f f e r e n c e  between t h e  two for ins o f  r e s i s t a n c e  becomes l e s s  
pronounced a t  t h e  h i g h e r  f l o w  r a t e s .  
The t o t a l  energy  s lope was found t o  steepen t h r o u g h  t h e  r i f f l e  s e c t i o n s  
and f l a t t e n  t h r o u g h  t h e  pool areas. I n  a  comparisorl  between t h e  channel 
bed, w a t e r  s u r f a c e  and energy  s lopes,  a t  most subreaches ( So ( i s  s i y n i f i -  
c a n t l y  1  a r g e r  t h a n  Sw , wh ich  i n  t u r n  i s  l a r g e r  t h a n  SE. A t  a1 1  d i scha rges ,  
t h e  w a t e r  s u r f a c e  s lope i s  adverse a t  o r  d i r e c t l y  downstream o f  t h e  r i f f l e  
t o p s .  
Loca l  l o s s  c o e f f i c i e n t s  were found t o  decrease i n  v a l u e  w i t h  i n c r e a s i n g  
d i s c h a r g e  and t o  approach z e r o  a t  t h e  h i g h e s t  d i scha rges .  As a  p r e d i c t i v e  
t o o l ,  t h e  l o c a l  l o s s  c o e f f i c i e n t s  were e s t i m a t e d  as  a  f u n c t i o n  o f  t h e  
l o g a r i t h m  o f  t h e  subreach r e l a t i v e  d e p t h  (K ' /D50) ,  w i t h  t h e  c o e f f i c i e n t  
v a l u e s  i n c r e a s i n g  w i t h  i n c r e a s i n g  v a l u e s  o f  K'/D5u. The expans ion c o e f f i -  
c i e n t s  a s s o c i a t e d  w i t h  d i v e r g i n g  f l o w  a r e  s l i g h t l y  l a r g e r  t h a n  t h e  c o n t r a c -  
t i o n  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  c o n v e r g i n g  f l ow .  
I n  a  cornpari son between o v e r a l l  reach v a l u e s  f o r  f l o w  parameters and 
t h e  range o f  observed c r o s s  s e c t i o n  c h a r a c t e r i s t i c s ,  t h e  reach v a l u e s  do n o t  
a d e q u a t e l y  r e p r e s e n t  t h e  t r u e  v a r i a t i o n s  t h a t  a r e  o c c u r r i n g  t h r o u g h  t h e  
p o o l - r i  f f l e  sequences. T h i s  l a t t e r  t r e n d  i s  observed i n  t h e  a n a l y s i s  o f  t h e  
f i e l d  d a t a  as  w e l l  as t h e  l a b o r a t o r y  data .  
4 .3  Simul  a t i o n  o f  L a b o r a t o r y  Exper imen ts  
4.3.1 Model Cal i b r a t i o n  
Boundary and i n i t i a l  c o n d i t i o n s  f rom Da ta  Se t  I were used t o  c a l  i b r a t e  
t h e  l o w  f l o w  model. The o b j e c t i v e s  o f  t h e  c a l i b r a t i o n  procedure  were t o  
d e t e r m i n e  t h e  b e s t  forrn o f  t h e  energy  e q u a t i o n  t o  use i n  t h e  s i m u l a t i o n  
40 
model, t o  d e v e l o p  a  s e r i e s  o f  c u r v e s  t o  e s t i m a t e  l o c a l  l o s s  c o e f f i c i e n t s ,  
and t o  e v a l u a t e  t h e  impor tance  o f  a c c o u n t i n y  f o r  l o c a l  l o s s e s  as  p a r t  o f  t h e  
t o t a l  energy  l o s s .  
The r e s u l t s  o f  t h e  c a l i b r a t i o n  p rocedure  can be su~nniarized as f o l l o w s :  
The head d i  f fe rence  scherne f o r  t h e  energy  e q u a t i o n  produced s l  i g h t l y  1 ower 
s t a n d a r d  e r r o r  o f  e s t i m a t e s  f o r  observed ve rsus  p r e d i c t e d  v a l u e s  o f  t h e  
d e p t h  o f  f l o w  Y. S i m i l a r l y ,  t h o s e  c a l i b r a t i o n  r u n s  wh ich  i n c l u d e d  t h e  
e f f e c t  o f  l o c a l  l o s s e s  produced l o w e r  s tandard  e r r o r  o f  e s t i m a t e s  between 
p r e d i c t e d  and observed v a l u e s  o f  Y f o r  d i s c h a r g e s  0.20-0.80 c f s .  A t  t h e  
h i g h e r  d i s c h a r y e s ,  1.00-1.20 c f s ,  t h e  impor tance  o f  i n c l u d i n g  l o c a l  l o s s e s  
i s  n o t  as  apparent .  T h i s  i m p l i e s  t h a t  under l o w  f l o w  c o n d i t i o n s ,  when t h e  
f l o w  i s  r a p i d l y  c o n t r a c t i n g  and expand ing t h r o u g h  pool  and r i f f l e  sequences, 
l o c a l  l o s s e s  do c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  ene ryy  l o s s .  As t h e  
f l o w  i n c r e a s e s ,  and t h e  e f f e c t s  o f  t h e  channel geometry become l e s s  
pronounced, t h e  impor tance  o f  a c c o u n t i n g  f o r  t hese  a d d i t i o n a l  1  osses i s  
d i  mi n i  shed. 
A t  a l l  d i s c h a r y e s  i n  t h e  c a l i b r a t i o n  procedure,  t h e  l o w e s t  s tandard  
e r r o r  o f  e s t i m a t e  f o r  t h e  f l o w  d e p t h  was produced by t h e  c o ~ i i b i n a t i o n  o f  t h e  
head d i f f e r e n c e  scheme f o r  t h e  eneryy  e q u a t i o n  and t h e  i n c l u s i o n  o f  l o c a l  
l o s s e s  i n  t h e  e v a l u a t i o n  o f  t h e  t o t a l  energy  l o s s .  Under t h e s e  c o n d i t i o n s  
t h e r e  i s  g e n e r a l l y  l e s s  t h a n  a  1% d i  f f e r e n c e  between p r e d i c t e d  and observed 
v a l u e s  o f  Y. 
P l o t s  o f  t h e  l o c a l  l o s s  c o e f f i c i e n t s  t h a t  were u t i l i z e d  w i t h  t h e  
l a b o r a t o r y  d a t a  a r e  p resen ted  i n  F i g u r e  12. The genera l  shapes o f  t h e  
c u r v e s  a r e  based on t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  cornputed i n  t h e  a n a l y s i s  
p rocedure  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  The e x a c t  shapes o f  t h e  c u r v e s  
were r e f i n e d  i n  t h e  c a l i b r a t i o n  process. The v a l u e s  o f  Cc and Ce i n c r e a s e  

w i t h  i n c r e a s i n g  v a l u e s  o f  Rg1/D50 and decrease w i t h  i n c r e a s i n g  d i  scharge, 
app roach ing  z e r o  a t  t h e  h i g h e s t  f l o w  r a t e s .  The s l i y h t l y  n e g a t i v e  v a l u e s  o f  
t h e  c o e f f i c i e n t s  a t  t h e  b e g i n n i n g  o f  t h e  c u r v e s  a re  r e l a t e d  t o  t h e  smal l  
s c a l e  o f  t h e  l a b o r a t o r y  model and t h e  d i f f i c u l t y  o f  a c c u r a t e l y  comput ing t h e  
f l o w  r e s i s t a n c e  f o r  sma l l  v a l u e s  o f  R g l / D ~ g .  I n  F i y u r e  12A, t h e  d i sc repancy  
between t h e  c u r v e s  f o r  d i s c h a r g e  0.20 c f s  ve rsus  t h e  h i g h e r  f l o w  r a t e s  i s  
r e l a t e d  t o  t h e  use o f  t h e  G r i f f i t h s  method as a  d e f a u l t  means o f  comput ing f 
i n  Run 1. S i m i l a r l y ,  i n  F i g u r e  126, t h e  expans ion c o e f f i c i e n t  c u r v e s  f o r  
0.20 and 0.40 c f s  a r e  based i n  p a r t  on t h e  G r i f f i t h s  method o f  d e t e r m i n i n g  
4.3.2 Model V e r i  f i c a t i o n  
The l o w  f l o w  model was v e r i f i e d  u s i n y  t h e  i n i t i a l  and boundary 
c o n d i t i o n s  f rom D a t a  S e t  I 1  a t  d i s c h a r g e s  o f  0.70, 0.30, and 1.10 c f s .  
Va lues  o f  a were based on a  l i n e a r  i n t e r p o l a t i o n  o f  ' the  energy c o r r e c t i o n  
f a c t o r s  computed i n  Da ta  S e t  I. The s i ~ n u l a t i o n s  were based on t h e  head 
d i f f e r e n c e  scheme ( e q u a t i o n  4 )  b o t h  w i t h  and w i t h o u t  t h e  i n c l u s i o n  o f  l o c a l  
l o s s e s .  I n  t h o s e  r u n s  where l o c a l  l o s s e s  were accounted f o r ,  t h e  l o c a l  l o s s  
c o e f f i c i e n t s  were i n t e p o l a t e d  f rom t h e  cu rves  deve loped f rom Da ta  Set  I and 
p resen ted  i n  F i g u r e  12. No f u r t h e r  c a l i b r a t i o n  p r o c e d r ~ r e  was r e q u i r e d  w i t h  
t h e  v e r i f i c a t i o n  computer runs. 
A t  a l l  d i  scharges, t hose  model s i ~ ~ ~ u l a t i o n s  wh ich  i n c l u d e d  l o c a l  l o s s e s  
a s  p a r t  o f  t h e  t o t a l  energy  l o s s  ( ~ u n  Da ta  S e t  2D) pronounced l o w e r  s tandard  
e r r o r  o f  e s t i m a t e s  between observed and p r e d i c t e d  v a l u e s  o f  f l o w  d e p t h  and 
mean v e l o c i t y .  As il l u s t r a t e d  i n  F i g u r e  13, t h e  rnaxi~num d i  f f e r e n c e  between 
observed and p r e d i c t e d  v a l u e s  o f  Y by t h i s  l a t t e r  scherne a r e  1.9%, 2.5%, and 
3 . 1 h t  d i s c h a r g e s  0.70, 0.90, and 1.10 c f s ,  r e s p e c t i v e l y .  A t  t h e  m a j o r i t y  
o f  t h e  c r o s s  s e c t i o n s ,  however, p r e d i c t e d  v a l u e s  o f  Y a r e  l e s s  than  o r  equal  
Depth of Flow, Y (ft) 
t o  1% o f  t h e  observed va lue.  F o r  t h e  same scheme o f  t h e  head d i f f e r e n c e  
form o f  t h e  energy  e q u a t i o n  combined w i t h  t h e  i n c l u s i o n  o f  l o c a l  l osses ,  t h e  
maximum d i  f f e r e n c e  between observed and p r e d i c t e d  va l  ues o f  mean ve l  o c i  ty 
a r e  2.11, 2.5%, and 2.9% a t  d i s c h a r g e s  0.70, 0.90, and 1.10 c f s ,  respec- 
t i v e l y .  A t  most  c r o s s  sec t i ons ,  however, t h e  p r e d i c t e d  v a l u e  o f  V ranges 
f rom 0.0 t o  1.6% o f  t h e  observed va lue .  P l o t s  o f  observed ve rsus  p r e d i c t e d  
v e l o c i t y  a r e  p resen ted  i n  F i g u r e  14. 
A1 though  t h e  v e r i  f i c a t i o n  r u n s  wh ich  i n c l u d e d  l o c a l  l o s s e s  y i e l d e d  
b e t t e r  r e s u l t s  t h a n  t h o s e  runs  wh ich  d i d  no t ,  t h e  l a t t e r  runs  s t i l l  produced 
a c c e p t a b l e  v a l u e s  o f  d e p t h  and v e l o c i t y .  The q u a l i t y  o f  r e s u l t s  produced by 
t h o s e  r u n s  e x c l u d i n g  l o c a l  l o s s e s  can be a t t r i b u t e d  t o  t h e  w e l l  d e f i n e d  
channel  geometry and t h e  r e l a t i v e l y  h i  yh  f low r a t e s .  A t  t hese  h i  yher  
d i s c h a r g e s ,  t h e  impor tance  o f  i n c l u d i n g  l o c a l  l o s s e s  as  p a r t  o f  t h e  t o t a l  
energy  l o s s  i s  n o t  as  pronounced as  a t  t h e  l o w e r  f l o w  r a t e s .  
Mean Velocity, V (ft/s) 
5. CONCLUSIONS 
Two se t s  o f  conc lus ions  can be drawn frorn t h i s  research. The f i r s t  
set ,  based on i n -dep th  a n a l y s i s  o f  f i e l d  and l a b o r a t o r y  da ta  from pool-  
r i f f l e  sequences, p e r t a i n s  t o  t h e  h y d r a u l i c  c h a r a c t e r i s t i c s  o f  t h e  low f l ow  
c o n d i t i o n .  The second set ,  which i s  based on t h e  s i m u l a t i o n  o f  f i e l d  and 
l a b o r a t o r y  c o n d i t i o n s  i n  p o o l - r i f f l e  sequences, concerns t h e  use fu lness  and 
v a l i d i t y  o f  t h e  low f l ow  model. 
Based on t h e  a n a l y s i s  o f  l a b o r a t o r y  and f i e l d  data,  the  f o l l o w i n y  
conc lus i ons  can be drawn concern ing 1  ow f l ow  hydraul  i cs:  
1. Flow parameters t h a t  a re  r e l a t e d  t o  t h e  f l ow  depth,  i n  genera l ,  i nc rease  
i n  va lue  t h rough  pool sec t i ons  and decrease th rough  t h e  r i f f l e  sec t ions .  
2. Flow parameters t h a t  a re  r e l a t e d  t o  t h e  rrlean v e l o c i t y ,  i n  general ,  
decrease i n  va lue  t h rough  t h e  pool sec t i ons  and inc rease  th rough  t he  
r i f f l e  sec t ions .  
3. For  a  g i v e n  p o o l - r i f f l e  sequence, as t he  d ischarye  increases:  t h e  
r n a j o r i t y  o f  t h e  f l ow parameter va lues  inc rease  i n  magnitude; t h e  percent  
change i n  parameter va lues between c ross  sec t i ons  decreases; and t h e  
percen t  change i n  parameter val ues between d i  scharges decreases. The 
fl ow r e s i  stance c o e f f i c i e n t ,  however, shows a  marked decrease i n  val  ue 
w i t h  i n c r e a s i n g  d ischarge.  The e f f e c t  o f  p o o l - r i f f l e  sequences on 
changes i n  geometr ic,  h y d r a u l i c  and r e s i s t i v e  p r o p e r t i e s  inc reases  as 
t h e  f l o w  dep th  decreases. 
4. Loca l  l o sses  appear t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  energy l o s s  
t h rough  p o o l - r i  f f l e  sequences under low f l ow  cond i t i ons .  As t h e  d i  s- 
charge increases,  however, t h e  s i g n i  f i cance  o f  1  oca l  1  osses decreases, 
and energy l o s s e s  a r e  more d i r e c t l y  r e l a t e d  t o  f l ow  res is tance .  
5. I n  a  cornparison o f  seve ra l  methods o f  comput ing  t h e  f l o w  r e s i s t a n c e ,  t h e  
Kennedy-Alarn-Lovera method y i e l d s  t h e  l o w e s t  s tandard  e r r o r  o f  e s t i m a t e  
and h i g h e s t  p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t  between v a l u e s  o f  f and t h e  
Uarcy-Wei sbach f r i c t i o n  f a c t o r  f~w. A t  t h e  r i  f f l e  s e c t i o n s ,  however, 
due t o  smal l  v a l u e s  o f  R/Dg;u, t h e  Kennedy c u r v e s  may become i n e f f e c t i v e .  
Based or1 t h e  s i r n i l l a t i o n  o f  l a b o r a t o r y  and f i e l d  c o n d i t i o n s  o f  poo l -  
r i f f l e  sequences, t h e  f o l l o w i n g  c o n c l u s i o n s  can be drawn concern ing  t h e  l ow  
f l  ow model : 
1. The l o w  f l o w  model a c c u r a t e l y  p r e d i c t s  hyd rau l  i c  c h a r a c t e r i  s t i c s  under 
1  ow f l o w  c o n d i t i o n s .  
2. Energy e q u a t i o n  4, o r  t h e  head d i f f e r e n c e  scheme, y i e l d s  b e t t e r  
p r e d i c t i o n s  t h a n  e q u a t i o n  5. 
3. Under l o w  f l o w  c o n d i t i o n s ,  b e t t e r  p r e d i c t i o n s  a r e  produced when t h e  
t o t a l  energy  l o s s  i s  determined as t h e  sum o f  r e s i s t a n c e  l o s s e s  and 
l o c a l  l o s s e s ,  t h a n  when t h e  t o t a l  energy  l o s s  i s  a  f u n c t i o n  o f  r e s i s -  
t a n c e  l o s s e s  a1 one. As t h e  d i  scharge inc reases ,  however, t h e  i n c l u s i o n  
o f  l o c a l  l o s s e s  i s  n o t  as s i g n i f i c a n t  i n  a c c u r a t e l y  p r e d i c t i n y  f l o w  
c h a r a c t e r i  s t i c s .  
4. F o r  a  g i v e n  p o o l - r i f f l e  sequence, i f  t h e  l o c a l  l o s s  c o e f f i c i e n t s  a r e  
w e l l  d e f i n e d ,  t h e  l ow  f l o w  model r e q u i r e s  l i t t l e  o r  no c a l i b r a t i o n .  
5. Adequate r e p r e s e n t a t i o n  o f  t h e  p o o l - r i f f l e  sequence yeometry appears t o  
be e s s e n t i a l  i n  t h e  a c c u r a t e  mode l i ng  o f  l ow  f l o w  c o n d i t i o n s .  
6. RECOMMENDATIONS FOR FUI'URE RESEARCH 
As a  r e s u l t  o f  t he  fo rego ing  research, a  number o f  areas appear t o  
requ i  r e  f u r t h e r  study concern ing t he  f l ow  c h a r a c t e r i  s t i c s  o f  low f l ow  
cond i t i ons .  Local  l o s s  c o e f f i c i e n t s  need t o  be b e t t e r  de f i ned  over a  range 
o f  d ischarges  f o r  a  v a r i e t y  o f  p o o l - r i f f l e  sequences. A q u a n t i t a t i v e  means 
o f  de te rm in ing  a t  what p o i n t  t he  pool and r i f f l e  geometry begins t o  e x e r t  a  
dominat ing i n f l u e n c e  on f l ow  h y d r a u l i c s  needs t o  be developed. To f a c i l  i- 
t a t e  t h i s  work, more in -dep th  f i e l d  s tud ies  which d e l i n e a t e  t h e  pool and 
r i f f l e  geometry i n  d e t a i l  and i n c l u d e  da ta  c o l l e c t e d  over  a  range o f  
d ischarges  a re  essen t i a l .  I f  f u r t h e r  l a b o r a t o r y  s tud ies  are t o  be pursued, 
i t  i s  recommended t h a t  t he  l a b o r a t o r y  models be o f  a  l a r g e r  sca le  than t h a t  
used i n  t h e  fo rego ing  research and t h a t  t h e  e f f e c t s  o f  a  movable bed be 
i n v e s t i g a t e d  i n  more d e t a i  1. 
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